Background
Arsenic is a carcinogen that targets the urogenital system, including the prostate. Although the mechanisms for arsenic-induced carcinogenesis are undefined, arsenic drives overaccumulation of stem cells and cancer stem cells (CSCs) in vivo and in vitro, indicating that these cells are a key target population. Disruption of stem cell population dynamics may be critical to acquisition of cancer phenotype. We tested the hypothesis that prostate stem cells have a survival selection advantage during arsenic exposure that favors their accumulation and facilitates their malignant transformation.
Methods
Innate and acquired resistance to acute (24-72 hours of exposure) and chronic (6 weeks of exposure) arseniteinduced cytolethality and apoptosis were assessed in a human prostate stem cell line (WPE-stem) and the mature parental cell line (RWPE-1). Real-time reverse transcription-polymerase chain reaction and/or Western blot analysis was used to measure the expression of apoptosis-, stress-, and arsenic-related genes. Arsenic-, cadmium-, and N-methyl-N-nitrosourea-induced isogenic malignant transformants of RWPE-1 cells were compared for acquisition of CSC-like qualities by holoclone and sphere formation assays, growth in soft agar, and expression of CSC biomarkers. All statistical tests were two-sided.
Results
WPE-stem cells showed innate resistance to arsenic-induced cytolethality (arsenite concentration lethal to 50% of the cells [LC 50 ] = 32.4 µM, 95% confidence interval [CI] = 31.5 to 33.3 µM) and apoptosis compared with parental RWPE-1 cells (LC 50 = 10.4 µM, 95% CI = 7.4 to 13.4 µM). Compared with RWPE-1 cells, WPE-stem cells showed noticeably higher expression of antiapoptotic (ie, BCL2, MT), stress-related (ie, NFE2L2, SOD1, PRODH), and arsenic adaptation (ie, ABCC1, GSTP1) factors and noticeably lower expression of proapoptotic factors (ie, BAX, caspases 3, 7, 8, and 9). WPE-stem cells also showed hyper-adaptability to chronic arsenite exposure (5 µM, 6 weeks) compared with RWPE-1 cells (LC 50 = 94.7 vs 32.1 µM, difference = 62.6 µM, 95% CI = 53.3 to 71.9 µM) at levels that in previous work induced a malignant phenotype in RWPE-1 after 30 weeks of exposure. Quantification of CSC-like cells in isogenic RWPE-1 transformants showed that marked overproduction was unique to a malignant phenotype acquired in response to arsenic exposure but not in response to cadmium or N-methyl-Nnitrosourea exposure.
all stages of chemical carcinogenesis. Indeed, there is a strong suspicion that fetal stem cells are key targets in transplacental chemical carcinogenesis (7) because of their relative abundance and their roles in organogenesis and differentiation. In a human in vitro skin model, short-term arsenic exposure initially blocks stem cell differentiation, which may increase the pool of target stem cells available for oncogenic transformation (9) . Furthermore, in utero exposure of mice to arsenite facilitated the formation of skin malignancies in adulthood that are associated with altered skin stem cell signaling and population dynamics resulting in tumors with an overabundance of skin CSCs (10) . This finding implicates a targeting of stem cells in fetal skin and indicates that stem cell populations are key targets of arsenic carcinogenesis (10) .
Cancer cells often are highly resistant or readily adapt to toxic insults, such as from metallochemotherapeutics, allowing them to readily avoid apoptosis. The initiation of carcinogenesis is frequently associated with the selection for cells that are resistant to apoptosis (11, 12) , which is a hallmark of cancer cells and a major driving force in tumor progression (13, 14) . Cancer cells develop multiple ways to block apoptosis, including overexpression of antiapoptotic Bcl-2 protein family members and loss of expression of proapoptotic Bax-like proteins and caspases (13) (14) (15) . In addition, altered expression levels of key ATP-binding cassette (ABC) efflux transporter proteins in cancer cells are critical factors in their innate or acquired resistance to xenobiotics, including chemotherapeutic agents (16, 17) . Increased levels of glutathione and glutathione S-transferases (GSTs) often increase production of glutathione conjugates that are effluxed from cancer cells (16, 18) . Such features increase cancer cell survival and allow the expansion of malignant cell populations (13) (14) (15) . For example, human cells that are chronically exposed to low levels of arsenic in vitro adapt to this metalloid by showing generalized resistance to apoptosis and adaptation to arsenic toxicity (16, 18, 19) as they proceed to malignant transformation (4) . Although the role of stem cells in arsenic adaptation is undefined, stem cells often are resistant to chemical insult and act as a "strategic" reserve for wound repair, including repair from chemical wounding (20, 21) .
Most current research on resistance to toxicants or apoptosis in stem cells focuses on CSCs isolated from advanced cancers rather than those identified during the very early stage of oncogenesis and is directed at chemotherapeutic resistance (22, 23) . However, a limitation of such studies is the cellular heterogeneity and presumed genetic drift of advanced cancers (22) . Nonetheless, factors that mediate resistance of CSCs to chemotherapeutics are similar to those that protect normal stem cells from toxic insult (22) (23) (24) (25) , which strongly suggests that CSCs are derived from normal stem cells through survival selection, although this possibility has not to our knowledge been directly tested.
We hypothesized a survival selection advantage exists for stem cells that facilitates arsenite-induced oncogenesis in key target tissues of arsenic carcinogenesis. To sequentially test this hypothesis, we compared the well-characterized prostate stem cell line, WPE-stem (26) , with RWPE-1, the mature, heterogeneous nontumorigenic parental cell line from which it was derived, with respect to their intrinsic resistance and adaptation to arsenite exposure during initial phases of arsenite-induced malignant transformation. We also compared RWPE-1 cells malignantly transformed
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Prior knowledge
Arsenic is a carcinogen that targets the prostate, but the precise mechanisms are not defined.
Study design
In vitro assays were used to compare a human prostate stem cell line with the mature parental nontumorigenic cell line from which it was derived with respect to their intrinsic resistance and adaptation to arsenite exposure during initial phases of arsenite-induced malignant transformation. Arsenic-, cadmium-, and N-methyl-Nnitrosourea-induced isogenic malignant transformants of the mature prostate cell line were compared for their acquisition of cancer stem cell-like qualities by holoclone and sphere formation assays, growth in soft agar, and expression of stem cell biomarkers.
Contribution
Prostate stem cells showed innate resistance to arsenic-induced cytolethality and apoptosis compared with parental cells. Compared with parental cells, stem cells showed higher expression of antiapoptotic, stress-related, and arsenic adaptation factors and lower expression of proapoptotic factors, as well as hyper-adaptability to chronic arsenite exposure. Cancer stem cell-like cells were overproduced in arsenic-induced isogenic malignant transformants of the mature prostate cell line but not in cadmium-or N-methyl-Nnitrosourea-induced transformants.
Implications
Arsenic likely targets cells that have a stem or progenitor phenotype during malignant transformation.
Limitations
Molecular markers were used to identify cancer stem cells. It is unclear if arsenic targeting of a stem cell population during carcinogenesis is generalizable to all targets of arsenic carcinogenesis. All analyses were done in cultured cell lines.
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by arsenite, cadmium, or N-methyl-N-nitrosourea (MNU) to examine whether stem cell selection had occurred during transformation and, in keeping with our hypothesis, whether selection is a feature particularly pronounced with an arsenite-induced malignant phenotype.
Materials and Methods
Chemicals and Cell Culture Matrices
Sodium arsenite and p-iodonitrotetrazolium were obtained from Sigma (St Louis, MO), type IV collagen was obtained from Trevigen (Gaithersburg, MD), and fibronectin was obtained from BD Biosciences (Bedford, MD). Arsenite was dissolved in sterile distilled water to make stock solutions.
Cells and Cell Culture
All cell lines were derived and characterized by the laboratories directly involved in this study. RWPE-1 is a nontumorigenic cell line that was derived from normal human prostate epithelium (27) and has been shown to contain stem, intermediate, and differentiated cell types (26) . The WPE-stem cell line was isolated from RWPE-1 cells by single-cell cloning and shows extensive characteristics of a stem cell phenotype, including overexpression of p63 and keratins 5 and 14; low expression of keratin 18, androgen receptor, and prostatespecific antigen; and a high proliferative rate and colony formation ability compared with parental RWPE-1 cells (26) . WPE-stem cells also show high expression of the prostate stem cell markers ABC subfamily G member 2 (ABCG2) and the BMI1 oncoprotein compared with RWPE-1 cells, which have barely detectable levels, as well as the ability to form viable free-floating cell spheres (prostaspheres) and budding ductal-like structures from single cells in Matrigel (28) , characteristics that are typical of stem cells and CSCs (29, 30) . Tissue culture surfaces were coated with type IV collagen and fibronectin (2.5 µg of each/cm 2 ) unless otherwise noted. We also used three malignantly transformed cell lines (defined by their ability to form malignant tumors in mouse xenograft studies) that were derived from RWPE-1 cells in previous studies: WPE1-NB26 cells were derived after a single exposure of RWPE-1 cells to the direct-acting organic carcinogen MNU (31); CTPE cells were derived from RWPE-1 cells chronically exposed to low levels of cadmium (32) ; and CAsE-PE cells were derived RWPE-1 cells chronically exposed to low levels of arsenite (4) . Thus, all of the cell lines used in this study share a common genetic lineage.
All cell lines were maintained in keratinocyte serum-free medium containing 50 µg/mL bovine pituitary extract, 5 ng/mL epidermal growth factor, and 1% antibiotic-antimycotic mixture (all from Gibco/Invitrogen, Rockville, MD). The culture medium was changed every 48 hours unless otherwise noted. Subconfluent cells were passaged once a week. To examine the potential for adaptation to arsenite, cells were continuously exposed for 6 weeks to 5 µM sodium arsenite, a nontoxic, environmentally relevant level of arsenite (33) that is known to produce malignant transformation of RWPE-1 cells after 30 weeks of continuous exposure (4) , and were compared with untreated passage-matched control cells. Our previous work indicated that RWPE-1 cells that are exposed to this level of arsenite will start to show adaptation (ie, resistance to arsenite cytotoxicity and increased levels of ABCC1 and glutathione) to arsenic cytotoxicity between 4 and 8 weeks of continuous exposure (34) and will undergo malignant transformation after approximately 30 weeks of continuous exposure (4) .
Cell Viability Assay RWPE-1 and WPE-stem cells were exposed to various concentrations of arsenite for 72 hours. Cell viability was assessed using the trypan blue dye exclusion method (7.5 × 10 4 cells per well, plated in six-well plates) and by using a Cell Titer 96 AQueous One Solution Cell Proliferation Assay (MTS) kit (1.0 × 10 4 cells per well in 96-well plates) (Promega, Madison, WI) according to the manufacturer's instructions. Viable cells were counted with a hemocytometer (trypan blue method) or by absorbance at 490 nm (MTS assay). The concentration that induced a 50% decrease in cell viability compared with untreated control cells (ie, the LC 50 ) was derived from averaging multiple (n = 3) survival curves for each treatment group. Similar LC 50 values were obtained with both methods (data not shown), and thus, only data from the trypan blue dye exclusion method are shown and were used to calculate LC 50 values.
Apoptosis Assay RWPE-1 and WPE-stem cells (2.0 × 10 6 per 100-mm dish) were plated in triplicate for each treatment and allowed to attach overnight. To obtain detectable levels of apoptosis, cells were treated with 30 µM sodium arsenite for 24 hours. Floating cells (from the supernatant) and adherent cells (collected by brief trypsin exposure) were harvested, combined, and centrifuged (300g for 5 minutes). The cell pellets were washed with phosphate-buffered saline (PBS), aliquoted (1.0 × 10 6 cells per tube), and centrifuged at 300g for 8 minutes (4°C). Apoptosis was detected with the use of a TACS Annexin V-FITC Apoptosis Detection Kit (Trevigen) according to the manufacturer's protocol except that we used 3 µL of Annexin V and stained for 20-30 minutes. Annexin-V-positive cells were quantified with the use of a FACSort flow cytometer (Becton-Dickinson, San Jose, CA) equipped with CellQuest software (Becton-Dickinson). The percentage of apoptotic cells in arsenite-treated samples (n = 3) compared with that in untreated control cells (n = 3) was determined using CellQuest software.
Arsenic Biokinetics
RWPE-1 and WPE-stem cells (1.0 × 10 6 per 100-mm dish, n = 3 dishes per treatment) were plated in complete medium, incubated overnight, and placed in fresh complete medium that lacked (control) or contained 5 µM sodium arsenite for 24 hours. The cells were washed three times with PBS, harvested by incubation in trypsin-EDTA, counted, and digested overnight in 50% perchloric acid:nitric acid (2:1 [vol/vol]) at 70°C, and the total uptake of arsenic by the cells was determined with the use of a AAnalyst 100 graphite furnace atomic absorption spectrophotometer (Perkin-Elmer, Waltham, MA). To measure arsenic efflux, the cells were incubated in medium that contained 5 µM sodium arsenite for 24 hours, washed three times with PBS, and then incubated for 24 hours in 10 mL of fresh arsenic-free medium. The cells were then washed, harvested, digested, and subjected to spectrometry as described above to determine cellular arsenic that remained. Data were normalized to cell number.
Glutathione Levels
Briefly, RWPE-1 and WPE-stem cells (2.5 × 10 6 per cell line) were harvested by incubation in trypsin-EDTA, counted, centrifuged (300g for 10 minutes at 4°C), washed with cold PBS, centrifuged, and resuspended in 500 µL of cold 5% metaphosphoric acid. Cells were then sonicated for 10 seconds, incubated on ice for 5 minutes, and centrifuged (12 000g for 5 minutes at 4°C). Total glutathione levels were measured with the use of a Glutathione Assay Kit (Trevigen) according to the manufacturer's protocol. Three separate flasks were used for each cell line (n = 3).
Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis
Gene expression levels in each cell line (RWPE-1, WPE-stem, WPE1-NB26, CTPE, and CAsE-PE) were measured by real-time reverse transcription-polymerase chain reaction analysis. Total RNA was isolated from cell lines with the use of TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and purified with the use of RNeasy mini kit columns (Qiagen, Valencia, CA). Purified RNA was reverse transcribed to cDNA with the use of Moloney murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA) reverse transcriptase and oligo-dT primers. Gene-specific primers (Supplementary Table 1 , available online) were designed with the use of Primer Express software (Applied Biosystems). The ABsolute SYBR Green ROX Mix (ABgene, Rockford, IL) was used for amplifications. Amplification conditions were as follows: 15 minutes at 95°C, followed by 40 cycles of 95°C for 1 minute and 60°C for 1 minute. Cycle time (Ct) values for the selected genes were normalized to values for b-actin and glyceraldehyde 3-phosphate dehydrogenase in the same sample. For each cell line, samples were collected from three independent flasks (n = 3). For baseline gene expression analysis, RWPE-1 cells were used as the control for comparison with WPE-stem samples. Ct values for all controls were set at 100%.
Western Blot Analysis
Protein extracts were collected from cell lines with the use of M-PER extraction reagent (Pierce, Rockford, IL), and 25 µg of protein per lane was resolved on sodium dodecyl sulfate-polyacrylamide gels, transferred to polyvinylidene difluoride membranes, and the membranes were incubated with the following primary antibodies: anti-metallothionein (MT)-1/2 (clone E9, mouse monoclonal, 1:1000 dilution; Dako, Carpinteria, CA); anti-caspase 3 (K-19, goat polyclonal, 1:250 dilution), anti-caspase 7 (B-5, mouse monoclonal, 1:500 dilution), anti-caspase 8 (H-134, rabbit polyclonal, 1:500 dilution), and anti-caspase 9 (F-7, mouse monoclonal, 1:500 dilution; all from Santa Cruz Biotechnology, Santa Cruz, CA); anti-Bcl-2 (Bcl-2/100, mouse monoclonal, 1:1000 dilution) and anti-Bax (6A7, mouse monoclonal, 1:1000 dilution; both from BD Pharmingen, San Diego, CA); and anti-GST-p (354212, rabbit polyclonal, 1:1000 dilution; Calbiochem, San Diego, CA). The membranes were washed and incubated with horseradish peroxidase-conjugated anti-mouse, anti-rabbit, or anti-goat IgG secondary antibodies (1:1000 to 1:2000 dilution; Santa Cruz Biotechnology) as appropriate, and bound antibody was detected using Amersham ECL Western Blot Detection Reagents (GE Healthcare, Buckinghamshire, UK). Membranes were then stripped with Restore Western Blot Stripping Buffer (Pierce) and incubated with anti-b-actin antibody (JLA20, mouse monoclonal, 1:2500 dilution; Calbiochem) followed by incubation with horseradish peroxidase-conjugated anti-mouse IgG (Santa Cruz Biotechnology). Bound antibodies were quantified using ImageJ software (35) . Proteins that have similar molecular weights were probed for on separate membranes. Membranes were used no more than two times before they were probed for b-actin.
Holoclone Formation
Each cell line (RWPE-1, WPE1-NB26, CTPE, and CAsE-PE) was plated (2.0 × 10 6 per T-75 flask) and grown until approximately 90% confluent, fed with 10 mL of medium, and incubated for 72 hours. Floating cells were recovered from the culture medium by centrifugation (600g), resuspended in complete medium, and plated in T-25 flasks for counting (7.5 × 10 4 cells, n = 3 flasks per cell line) in six-well plates for RNA collection (5.0 × 10 5 cells per well, n = 3 wells per cell line) or on chambered cover glass slides for immunocytochemistry (5.0 × 10 5 cells per chamber, n = 6 chambers per cell line) (see below). Plasticware and chamber slides used for these assays were not coated with type IV collagen and fibronectin. Cells were fed every 48 hours and observed for up to 10 days for the appearance of holoclones. Holoclones were counted with the use of an inverted microscope.
Immunocytochemistry
Floating cells from each cell line (RWPE-1, WPE1-NB26, CTPE, and CAsE-PE) were plated on Lab-Tek chambered cover glass chamber slides (5.0 × 10 5 cells per chamber; Nunc, Rochester, NY) and fed every 48 hours for 10 days. The cells were washed twice with PBS and fixed for 2 minutes in acetone:methanol (1:1 [vol/ vol]). The cells were incubated for 1 hour with 1% bovine serum albumin in PBS to block nonspecific antibody binding followed by incubation for 1 hour with primary antibodies against BMI1 (ab38295, rabbit polyclonal; Abcam, Cambridge, MA), cytokeratin 5 (EP1601Y, rabbit monoclonal; Abcam), or ABCG2 (B7185, rabbit polyclonal; Sigma), each diluted 1:100 in 1% bovine serum albumin in PBS. The cells were washed three times in PBS and then incubated for 1 hour 37°C with Alexa Fluor 488 goat antirabbit IgG (H+L) secondary antibody (Invitrogen) diluted 1:500 in PBS containing 1% bovine serum albumin. The cells were washed three times with PBS and imaged by confocal microscopy (see below). Negative controls-cells treated similarly except that they were not exposed to primary antibody-showed no signal at the microscope settings that used to image specific fluorescence.
Confocal Microscopy
To acquire images, floating cells from each cell line (RWPE-1, WPE1-NB26, CTPE, and CAsE-PE) that were seeded in chamber slides (5.0 × 10 5 cells per chamber) in keratinocyte serum-free medium alone (RWPE-1, WPE1-NB26) or medium that contained 10 µM cadmium (CTPE) or 5 µM arsenite (CAsE-PE) were fixed and stained for immunocytochemistry. Chamber slides were then mounted on the stage of a Zeiss Model 510 inverted confocal laser-scanning microscope (Carl Zeiss, Inc, Thornwood, NY) and viewed through a ×40 water immersion objective (numeric aperture = 1.2), with a 488-nm laser line for excitation (Argon ion laser), a 510-nm dichroic filter, and a 500-to 550-nm band-pass emission filter. Low laser intensity was used to avoid photobleaching. Confocal images (512 × 512 × 8 bits) were acquired and electronically preserved for later use. For each sample, four to five areas of cells were randomly selected for image collection. Data reported are the results of single experiments that are representative of two to three replicate experiments.
Free-Floating Sphere Formation RWPE-1, WPE1-NB26, CTPE, and CAsE-PE cells were plated in uncoated T-25 flasks (7.5 × 10 4 cells per flask) and grown for 10 days with feedings every 48 hours. To not disturb sphere formation or break up any spheres, fresh medium was gently added to each flask and no medium was aspirated. Each flask was marked with an external grid pattern comprising 16 equal portions to facilitate counting, and the total number of spheres in each flask (n = 3 flasks per cell line) was counted with the use of an inverted microscope.
Colony Formation in Soft Agar
Colonies that form when cancer cell lines are plated in agar are generally considered to be derived from CSCs (29, 36) . Floating RWPE-1, WPE1-NB26, CTPE, and CAsE-PE cells were separated from adherent cells, and a soft agar assay was performed using only the floating cells to examine colony formation as previously described (26) . Briefly, 2 mL of 0.5% agar was allowed to harden in 35-mm dishes at room temperature under sterile conditions. A single-cell suspension containing 1.25 × 10 4 of the floating cells per milliliter in a mixture of 0.33% agar in complete growth medium was prepared, and 1 mL of that mixture was layered on top of the hardened agar in each dish. Three dishes for each cell line were incubated at 37°C for 21 days. Colonies were stained with p-iodonitrotetrazolium overnight at 37°C, fixed in 10% buffered formalin, and counted with the use of an inverted microscope.
Statistical Analysis
Data are presented as mean values with 95% confidence intervals (CIs). All statistical tests were two-sided, and a P value less than .05 was considered statistically significant. The Student t test was used to compare untreated passage-matched control cells with adapted cells (either RWPE-1 or WPE-stem) or to compare RWPE-1 data with WPE-stem data in certain cases. The Tukey-Kramer test after analysis of variance was used to compare CSC-like characteristics between control cells (RWPE-1) and the RWPE-1 malignant transformant cell lines (ie, WPE1-NB26, CTPE, and CAsE-PE). For LC 50 determinations, treatment concentrations and response data were made linear by log 10 conversion, and the 50% response (LC 50 ) was determined by extrapolation from separate curves. The mean values were determined from these individual extrapolations. For each cell line, three independent curves were generated and used to determine mean basal LC 50 values and six independent curves were generated and used to determine mean adapted LC 50 values.
results
Comparative Innate and Acquired Resistance of RWPE-1 and WPE-Stem Cells to Arsenite
We first examined the basal cytotoxicity of arsenite in RWPE-1 and WPE-stem cells that had never been exposed to the metalloid and then the ability of cells that had been exposed to 5 µM arsenite for 6 weeks to acquire resistance (ie, adapt) to arsenite cytotoxicity. A clear difference in innate arsenite cytolethality occurred between the WPE-stem cells (LC 50 = 32.4 µM, 95% CI = 31.5 to 33.3 µM) and the heterogeneous parental RWPE-1 cell line (LC 50 = 10.4 µM, 95% CI = 7.4 to 13.4 µM) following short-term (ie, 72 hours) arsenite exposure (Figure 1, A and B) . Furthermore, after exposure to 5 µM arsenite for 6 weeks, WPE-stem cells showed a greater ability to adapt to arsenite cytolethality than RWPE-1 cells as reflected by a higher LC 50 in adapted WPE-stem cells than in adapted RWPE-1 cells (94.7 vs 32.1 µM, difference = 62.6 µM, 95% CI = 53.3 to 71.9 µM, P < .001) (Figure 1, C) . Thus, it appears that the WPE-stem cells possess hyper-adaptability to arsenite compared with the parental RWPE-1 cell line.
Resistance to Arsenite-Induced Apoptosis
We next assessed the innate sensitivity of WPE-stem and RWPE-1 cells to arsenite-induced apoptosis (Figure 2, A) . Cells were cultured for 24 hours in medium that lacked (control) or contained 30 µM sodium arsenite and then assayed for apoptosis by flow cytometry with Annexin V-FITC staining. The percentage of apoptotic cells was higher in arsenite-treated cells than in untreated cells (RWPE-1 cells: 14.5% vs 4.3%, difference = 10.2%, 95% CI = 8.2% to 12.2%, P < .001; WPE-stem cells: 6.8% vs 3.8%, difference = 3.0%, 95% CI = 1.5% to 4.6%, P = .006). The relative comparative induced level of apoptosis was much higher in arsenite-exposed RWPE-1 cells than in arsenite-exposed WPE-stem cells (increase compared with untreated control, RWPE-1 vs WPE-stem, 239% vs 78%, difference = 161%, 95% CI = 71.7% to 247.6%, P = .012) ( Figure  2, A) , indicating that the stem cells have an innate resistance to arsenite-induced apoptosis.
To examine the basis for this resistance to arsenite-induced apoptosis, we analyzed the innate expression of apoptosis-related genes in untreated RWPE-1 and WPE-stem cells. The innate levels of antiapoptotic BCL2 and BCL2L1 mRNAs were 7.9-fold higher (95% CI = 7.2-to 8.6-fold higher) and 2.6-fold higher (95% CI = 2.2-to 3.0-fold higher), respectively, in the stem cells than in parental cells, whereas proapoptotic BAX mRNA levels were similar in both lines (Figure 2, B) . The innate BCL2/BAX and BCL2L1/BAX mRNA ratios, which are positively associated with apoptosis resistance (37), were 8.2 (95% CI = 7.4 to 9.0) and 3.2 (95% CI = 2.3 to 4.1), respectively, in stem cells and 0.87 (95% CI = 0.67 to 1.1) and 0.89 (95% CI = 0.78 to 1.0), respectively, in parental RWPE-1 cells (Figure 2, C) . MT is a negative regulator of apoptosis, the expression of which is associated with reduced arsenic toxicity (38, 39) . mRNAs for the predominant MT isoforms, MT1 and MT2, were overexpressed in the WPE-stem cells compared with parental RWPE-1 cells (Figure 2, D) . Compared with RWPE-1 cells, WPEstem cells showed noticeably higher expression of antiapoptotic proteins (ie, BCL2, MT1, MT2) and noticeably lower expression of proapoptotic proteins factors (ie, BAX, caspases 3, 7, 8, and 9) by western blot analysis (Figure 2, E) . ABCC1 and ABCC2 are key transport proteins in arsenic efflux, which occurs via a glutathione trimer conjugate that contains GSTP1 (40, 41) . Compared with RWPE-1 cells, WPE-stem cells showed higher innate expression of two arsenite metabolism-and efflux-related genes, GSTP1 and ABCC1, at the transcript level (Figure 2, F) and at the protein level (data not shown). Surprisingly, ABCC2 mRNA levels were lower in the WPE-stem cells than in the parental cells. The innate glutathione concentration was 239% higher in WPE-stem cells than in RWPE-1 cells (7.2 ng/10 6 cells vs 3.0 nM/10 6 cells, difference = 4.2 ng/10 6 cells, 95% CI = 3.8 to 4.6 ng/10 6 cells, P < .001) (Figure 2,  G) . Innate transcript expression of several arsenic-induced stressresponse genes, including NF-E2-related factor-2 (NFE2L2), superoxide dismutase-1 (SOD1), heme oxygenase-1 (HMOX1), and hypoxia-inducible factor-1a (HIF1A), and of the metabolic stressrelated gene proline oxidase (PRODH) was higher in stem cells than in mature parental cells (Figure 2, H) . Together, these data suggest that apoptosis-, stress-, and arsenic biokinetics-related factors contribute to the greater innate arsenic resistance of WPE-stem cells compared with the mature parental RWPE-1 cells. Arsenic uptake was similar in WPE-stem and RWPE-1 cells (not shown). However, the stem cells effluxed 1.6 times (95% CI = 1.2 to 2.0 times) as much of the arsenic that was taken in as the parental cells, possibly because they expressed higher levels of ABCC1, GSTP1, and GSH compared with the parental cells (see Figure 2 ).
Hyper-adaptability of Stem Cells to Arsenic
Often as a mechanism of acquired resistance to toxicity (adaptation), various genes are activated in response to continued apoptotic stimuli, metabolic stress, or specifically to arsenic exposure (16, 18, 19, 42) . After 6 weeks of exposure to 5 µM sodium arsenite, which previous work has shown results in malignant transformation of both RWPE-1 (4) and WPE-stem (28) cells, both cell lines showed changes (eg, increases in LC 50 and ABCC1 and GSTP1 expression) indicative of adaptation to the toxic effects of arsenite. However, the stem cells remained more resistant to arseniteinduced apoptosis than the parental RWPE-1 cells (data not shown). Following this adaptation, only RWPE-1 cells showed increased mRNA expression of proapoptotic CASP3 compared with passagematched untreated control cells and both cell lines showed increased mRNA expression of CASP10, although the increase was much smaller in WPE-stem cells than in parental cells (data not shown). RWPE-1 cells showed decreased BCL2 mRNA expression and increased BAX mRNA expression compared with passagematched untreated control cells, whereas WPE-stem cells showed increased BCL2 mRNA expression and no change in BAX mRNA expression (Figure 3, A) . These changes in mRNA expression increased the BCL2/BAX mRNA ratio, which is inversely related to apoptotic sensitivity (37) , from an innate level of 8.2 to 19 (95% CI = 16.6 to 21.4) in the adapted stem cells, whereas the ratio remained approximately 1.0 in the adapted parental cells (Figure 3,  B) . Both adapted cell lines showed similar increases in GSTP1 mRNA levels compared with passage-matched untreated control cells, whereas the adapted stem cells showed a greater increase in ABCC1 mRNA (Figure 3, D) and GSH levels than did adapted parental cells (Figure 3, E) . Although innate ABCC2 mRNA levels were moderately lower in the stem cells compared with the parental cells (see Figure 2, F) , the adapted ABCC2 mRNA levels in the stem cells showed a much greater increase over their respective control cells (3.2-fold increase, 95% CI = 3.1-to 3.3-fold increase, P = .001) than the parental line (1.6-fold increase, 95% CI = 1.5-to 1.7-fold increase, P = .030) (Figure 3, D) . In addition, both arsenite-adapted cell lines showed increased expression of HIF1A, HMOX1, SOD1, and PRODH mRNAs compared with passagematched untreated control cells (Figure 3, F) , but the arseniteadapted stem cells often showed larger increases than the arsenite-adapted parental cells.
Thus, unexposed WPE-stem cells expressed higher levels of a number of factors that would confer a greater innate resistance to arsenite compared with unexposed parental cells. Furthermore, after 6 weeks of exposure to 5 µM arsenite, the stem cells showed more marked increases in levels of most of the resistance factors that would favor survival during arsenite exposure, which implies that the stem cells are hyper-adaptable to arsenite compared with the mature parental cell line. This is not true for all carcinogens or toxicants: We found that the inorganic carcinogen, cadmium, is more toxic to WPE-stem cells than to RWPE-1 cells following subchronic (2-4 weeks) exposure to various concentrations (1-10 µM) of cadmium (E. J. Tokar, C. Kojima, Y. Sun, M. P. Waalkes, Inorganic Carcinogenesis Section, Laboratory of Comparative Carcinogenesis, National Cancer Institute and the National Institute of Environmental Health Sciences, unpublished data).
CSC-Like Production in Isogenic RWPE-1 Transformants
We next examined the effect of different known human carcinogens on the production of CSC-like cells during malignant transformation of the parental RWPE-1 cell line. When grown in culture, many cancer cell lines form free-floating spheres of viable cells that contain a preponderance of CSCs (30, 43) . Arsenitetransformed RWPE-1 cells (ie, CAsE-PE cells) formed such free-floating spheres in abundance (increase vs RWPE-1 = 8.7-fold, 95% CI = 7.6-to 9.9-fold), whereas the MNU-and cadmiumtransformed cells (WPE1-NB26 and CTPE cells, respectively) formed relatively low numbers of spheres (WPE1-NB26, increase vs RWPE-1 = 2.3-fold, 95% CI = 1.7-to 2.9-fold; CTPE, increase vs RWPE-1 = 3.1-fold, 95% CI = 2.1-to 4.1-fold) (Figure 4, A) . To more precisely quantify CSC-like cells produced by these cell lines, the floating spheres were dissociated into single-cell suspensions and plated in soft agar to assess their clonogenic ability (Figure 4, B) . Floating CAsE-PE cells formed colonies in soft agar at a very high rate compared with floating control parental RWPE-1 cells (59 vs 0.67 colonies, difference = 58.3 colonies, 95% CI = 53.4 to 63.4 colonies, P < .001), whereas floating WPE1-NB26 (1.0 vs 0.67 colonies, difference = 0.33 colonies, 95% CI = 21.5 to 2.2 colonies, P = .643) and CTPE (1.7 vs 0.67 colonies, difference = 1.0 colonies, 95% CI = 20.31 to 2.3 colonies, P = .101) cells did not (Figure 4, B) .
Holoclones-clusters of tightly packed cells that form in subconfluent cell cultures-often contain stem cells and CSCs (44, 45) . We next assessed the ability of floating cells from RWPE-1 (control) and the three malignant transformant cell lines to form holoclones. Floating cells from all four cell lines formed holoclones (Figure 4, C) . However, CAsE-PE cells showed the greatest fold increase in total holoclones compared with RWPE-1 (3.9-vs 1-fold, difference = 2.9-fold, 95% CI = 1.7-to 4.1-fold, P < .001). Furthermore, only the CAsE-PE holoclones could be subcloned and propagated on a longterm basis (data not shown), clearly indicating that these cells possess the capacity for self-renewal, a classic hallmark of both stem cells and
Discussion
We found innate resistance and hyper-adaptability to arsenite toxicity in WPE-stem cells compared with their mature, heterogeneous parental cell line, RWPE-1. This resistance and hyperadaptability was associated with higher mRNA and protein expression of several antiapoptotic, stress-related, and arsenic adaptation factors and lower expression of proapoptotic factors. We also found that by the point of arsenite-induced malignant transformation (4), a stem cell survival selection advantage has occurred in the RWPE-1 cells that manifested itself as an arsenite-specific overabundance of CSC-like cells. These data support the hypothesis that, as part of its carcinogenic mechanism, arsenic targets stem cells for transformation, which subsequently produces cancers enriched in CSC-like cells.
For environmental chemical carcinogenesis to occur, tumorforming cells must survive the primary exposure and any subsequent chronic exposure and retain the ability to propagate. WPE-stem cells were innately much more resistant than their mature parental RWPE-1 cells to arsenite-induced apoptosis, which is similar to the generalized apoptotic resistance of many cancer cells (13, 14, 46) and likely provides a survival advantage during initial chemical exposure. Furthermore, in general, the progressive acquisition of apoptotic resistance contributes to tumor development and progression (11) (12) (13) (14) . In this study, both the parental and stem cell lines showed acquired resistance (adapted) to arsenite-induced cytotoxicity following 6 weeks of exposure to an environmentally relevant level of arsenite [5 µM (32) ] compared with nonadapted cells. However, the stem cells adapted to a greater extent than the parental cells, presumably because they selectively expressed many factors that contribute to apoptotic resistance, which indicates arsenite hyper-adaptability of WPE-stem cells.
The factors that contribute to apoptotic resistance are well documented (11, 13, 47) . Caspases are proapoptotic molecules that are critical to apoptotic commitment and execution. Reduced caspase activity can perturb or even prevent apoptosis and is common in apoptotic-resistant cancers (11,13-15,47) . The Bcl2 family of proteins is considered a main intracellular regulator of the apoptotic process; some Bcl2 family members inhibit apoptosis (ie, Bcl2, Bcl2l1), whereas others (eg, Bax) promote apoptosis. Higher ratios of Bcl2 or Bcl2l1 to Bax are associated with resistance to apoptosis (37) , and Bcl-2 overexpression has been shown to protect stem cells against apoptosis, increase their frequency, and confer them with a competitive repopulation advantage (48) . Furthermore, MT can protect cells that are exposed to metals, including arsenic, and perturb metal-induced apoptosis (16, 38, 49, 50) . Poor MT expression is associated with increased sensitivity to arsenic (39) . ABC transporter proteins (ie, ABCC1, ABCC2), GSTP1, and GSH are associated with arsenic tolerance and generalized inhibition of apoptosis (16) (17) (18) 51, 52) . In addition, ABCC1, ABCC2, GSTP1, and GSH work together to efflux arsenic out of cells (40,41), a key element in arsenic adaptation (16, 18) . HIF1A, HMOX1, SOD1, and NFE2L2 play important roles in innate resistance and/or adaptation to arsenic by preventing arsenicinduced oxidative damage and apoptosis (46, (53) (54) (55) . Increased expression of PRODH, a stress-induced enzyme that metabolizes proline and generates ATP, can maintain cellular energy levels and help cancer cells adapt to nutrient and energy limitations (42) . Expression of all of these factors enhanced the intrinsic resistance of WPE-stem cells to arsenite compared with mature parental RWPE-1 cells and, taken together, would likely increase the survival selection advantage of WPE-stem cells during malignant transformation. Most cells, including RWPE-1, adapt to arsenite during periods of low-level chronic exposure (18, 34, 46, 56, 57) . However, in this study, the stem cells displayed greater adaptation to arsenite than the mature parental cells.
Our data clearly show that WPE-stem cells possess an inherent capacity to survive arsenite exposure and to continue with self-renewal in the face of continuous arsenite exposure, making them ideal candidates to acquire the lesions necessary for malignant transformation, thereby becoming cells that drive tumorigenesis in arsenite-transformed RWPE-1 cells (4) . Tumor-derived cancer cell lines can form free-floating spheres that contain chemoresistant and malignant CSC-like cells (30) , and many cancer cell lines that are cultured for a long time form CSCcontaining holoclones (45, 58) . The arsenite-induced malignant transformant, CAsE-PE, was the only isogenic RWPE-1 transformant that formed free-floating spheres at a higher rate than control cells and produced floating cells that formed holoclones that could be repeatedly subcloned and propagated for multiple passages, indicating that these cells possess a greater self-renewal capacity consistent with a stem cell or CSC nature (8) . Moreover, we showed that CAsE-PE holoclones overexpress multiple common stem cell and CSC markers, including BMI1, SHH, ABCG2, POU5F1, NOTCH-1, and PROM1. Clonogenic assays such as colony formation in soft agar have long been used to enrich for tumor-initiating cells, and the cells that form colonies in such assays are generally considered to be CSCs (29, 36) . Only floating cells from CAsE-PE cells formed colonies in soft agar, whereas those from RWPE-1 cells transformed by inorganic cadmium and the direct-acting organic carcinogen MNU did not. Taken together, these data demonstrate that the selection of stem cells and the ability to greatly increase their numbers during malignant transformation is a potentially unique mechanistic feature of arsenic.
Some potential limitations of this study include the use of molecular markers to identify CSCs. Although biomarkers are widely used to identify CSCs in tumors, this practice is still somewhat controversial (59) . Analysis of additional prostate CSC biomarkers (eg, CD117, Sca1) in the isogenic RWPE-1 transformants could further support the role of these cells in prostate carcinogenesis. Although in this and other (9, 10) studies, arsenic appears to target a stem cell population during carcinogenesis, similar in vitro or in vivo studies are needed to determine if this phenomenon is generalizable to all targets of arsenic carcinogenesis. Finally, all analyses in this study were done in cultured cell lines. Similar studies using arsenic-induced carcinogenesis in whole animals and humans are needed to determine if these results translate to in vivo conditions. In summary, the prostate stem cell line, WPE-stem, showed inherent resistance to apoptosis and hyper-adaptability to arsenite that was likely because of its enhanced protective molecular responses compared with the mature cell line from which it was derived. The consequence of this increased resistance to apoptosis and arsenite hyper-adaptability when arsenite transformed the heterogeneous mature RWPE-1 line was an increase in the number of CSC-like cells, suggesting that a selection for stem cells had occurred. The similarities between stem cells and cancer cells, coupled with the accumulating evidence of the key role of CSCs in carcinogenesis (8) , indicate that the apoptotic resistance that characterizes most tumor cells is also an intrinsic characteristic of WPE-stem cells in response to arsenic. The innate resistance and hyper-adaptability in prostate stem cells observed in this study indicate that these cells, compared with their mature counterparts, could more readily survive arsenic exposure yet retain the critical quality of self-renewal essential to tumor formation. Emerging data indicate that normal stem cells are highly protected from the effects of toxicants and that CSCs represent a similarly small, yet highly chemoresistant, population (20, 21) . The characteristics of the WPE-stem cells that provide for arsenite resistance essentially mirror those in cells malignantly transformed with arsenic (4). These observations fortify the contention that arsenic likely targets cells that have a stem or progenitor phenotype during malignant transformation. 
